Laser-induced breakdown spectroscopy (LIBS) is a laser-based versatile elemental and molecular analysis tool that has attracted substantial attention nowadays for a range of applications. The principle of the LIBS technique is based on laser-induced material ablation (vaporization and ionization of a minute amount of sample materials) and on spectral analysis of the plasma emission. The rapidly increasing interests in this technique is originated from its inherent features, including all-optical excitation and detection at atmospheric pressure, no sample preparation needed, very sensitive multi-element analytical capability, and standoff long-range operation. Recent progress in understanding the fundamentals of LIBS, especially femtosecond LIBS (femto-LIBS), is contributing to the evolution of LIBS technology toward a more powerful analytical tool that bears the capability of quantitative and complicated analysis including organic and biological samples.
Laser-induced breakdown spectroscopy (LIBS) is a laser-based versatile elemental and molecular analysis tool that has attracted substantial attention nowadays for a range of applications. The principle of the LIBS technique is based on laser-induced material ablation (vaporization and ionization of a minute amount of sample materials) and on spectral analysis of the plasma emission. The rapidly increasing interests in this technique is originated from its inherent features, including all-optical excitation and detection at atmospheric pressure, no sample preparation needed, very sensitive multi-element analytical capability, and standoff long-range operation. Recent progress in understanding the fundamentals of LIBS, especially femtosecond LIBS (femto-LIBS), is contributing to the evolution of LIBS technology toward a more powerful analytical tool that bears the capability of quantitative and complicated analysis including organic and biological samples. [1−3] The possibility of remote (or standoff) operation of LIBS is one of the key benefits that enable wide applications of the technique. Standoff detection is required when samples to be analysed are difficult to access or located in hazardous or hostile area. Examples include a mineral or a geological site, a chemically or radiologically polluted industrial or urban site, or simply an edifice with polluted surface to be analysed.
A remarkable feature of LIBS spectra induced by femtosecond laser pulses is that the plasma line emission is observed on a clear background without any parasite lines due to the ambient air excited by hot plasma as in the case of nanosecond laser ablation. [4] Compared to usual nanosecond infrared lasers, femtosecond lasers allow a much higher contrast for the detection of trace mineral elements. [5, 6] Most plants have the ability to accumulate heavy metals so that their metal contents are much higher than those in the air. [7] The use of plant tissues has been shown to be an effective indicator of atmospheric pollution. However, as for the application of the femto-LIBS in the atmospheric pollution monitoring or systematic botanic study, we have not seen any report. Very recently, femtosecond LIBS has been demonstrated to be efficient to detect trace elements in tree leaves. [8] By trace element detection in tree leaves, one can have access to soil trace element analysis as well as that of pollution by atmospheric dustfall. In this study, we choose leaves of sophora japonica, collected in different areas in Beijing. It is the first experiment to our knowledge, which detects trace elements in leaves using the femto-LIBS technique in correlation with the area where the leaves have been collected.
The sophora leaves used as the sample in our experiments is a wide-branching plant, frequently used as ornamental tree with a rounded crown. It is tolerant of pollution. It is also used as feeding stuffs and medicine. In addition, the leaves can be used as a biomonitor to monitor the air quality. Sophora leaves are collected from different areas in Beijing.
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The leaves need nearly no preparation. We wash them with distilled water 3 times. Then, they are stuck on a clean plastic support after indoor drying for about an hour. The femtosecond laser system used in the experiments is a Ti:sapphire chirped pulse amplification (CPA) laser system operated at around 800 nm at a repetition rate of 10 Hz. Figure 1 schematically shows the experimental setup. The laser delivered 5 mJ energy in 150 fs pulses. The beam is focused on the surface of the sophora leaf by a 3 cm focal length lens. The light emitted by the plasma is collected by another lens with a larger focal length (f = 12cm), which images the emitting lights on the slit of the spectrometer as shown in Fig. 1 . During the acquisition of LIBS signals, the sample moves horizontally to have a fresh part of the leaf for each laser shot. For all the leaves, spectra are taken from the upside of the leaf since we found that the signal is stronger than that from the back of the leaf. This is an indication of the pollution by dust fall in the atmosphere. It should be note that the detection used in our experiments was a time-integrated system, because a charge-couple device (CCD) was used as the detector. However, we can still obtain LIBS signals with a good signal-to-background ratio due to the femtosecond short pulse duration, and consequently lower plasma temperature and lower continuum emission from the plasma. Figure 2 shows the femto-LIBS spectra of sophora leaves and some strong spectral lines are labelled. The spectrum is obtained with an accumulation of only 3 laser shots. We can see from the figure that many spectral lines clearly stand out from the continuum background.
To compare the trace metallic elements contained in the leaves from different area, one spectral line has been chosen for each element, generally the most intense one, or the isolated line in the case of iron. Each intensity for a line results from the average of 5 spectra, so that the results can be reliable. A classification has been carried out for leaves from different areas according to the concentration of trace metallic elements. For each element, the site corresponding to the leaf with the smallest concentration marks one point. Two points is given to the site with a concentration just larger than the one-point site marks two points, etc. The site without corresponding element marks 0 point. For each site, the points attributed to different elements are accumulated. In such a way the highest score indicates the most polluted area with globally the largest concentration of trace metallic elements. However, as it seems that Calcium may not be considered as a pollutant element, two kinds of classifications are then provided: with and without Calcium. Finally, the classifications are presented in Table 1 . We can see that there is a significant difference for the sophora classification with and without calcium. We can conclude that the most polluted site is DZM (Dongzhimen bus terminal) and the least polluted site is the Forbidden City garden (FCG). However, Shougang Steel Factory (SSF) seems to be not as polluted as we thought initially.
The results of our experiments are rough to some extent. However, the time-integrated fs LIBS method used in our experiments shows the following two advantages. Firstly, we can obtain good enough spectrum through accumulating only two or three laser shots. However, as to some other LIBS experiments, it needs several hundreds up to 1000 laser shots. Sec-ondly, we do not need to adjust the time delay between the laser pulse and the ICCD camera. This makes the data collection and application very easy.
In conclusion, the femto-LIBS technique is used to detect and analyse trace metallic elements deposited or absorbed in sophora leaves. It is demonstrated that the technique should be suitable to determine the levels of pollution in air in Beijing by analysing trace elements in the tree leaves. The experiments open promising perspectives of the real-time analysis of multi-element deposition and absorption in trees.
